ABSTRACT The intracellular linker L III-IV of voltage-gated sodium channels is known to be involved in their mechanism of inactivation. Its primary sequence is well conserved in sodium channels from different tissues and species. However, the role of charged residues in this region, first thought to play an important role in inactivation, has not been well identified, whereas the IFM triad (I1488-M1490) has been characterized as the crucial element for inactivation. In this work, we constructed theoretical models and performed molecular dynamics simulations, exploring the role of L III-IV -charged residues in the presence of a polar/nonpolar planar interface represented by a dielectric discontinuity. From structural predictions, two ␣-helical segments are proposed. Moreover, from dynamics simulations, a time-conserved motif is detected and shown to play a relevant role in guiding the inactivation particle toward its receptor site.
INTRODUCTION
The ␣-subunit of rat brain type IIA sodium channels has a 53 amino acid linker between domains III and IV (L III-IV ) that has already been characterized as the inactivation gate (Catterall, 2000; West et al., 1992; Stühmer et al., 1989) . This linker, rich in charged residues (12 positive and 5 negative), is highly conserved in different tissues and species. The positive charges were initially thought to play an important role in the inactivation phenomenon, similarly to the N-terminal positive charges in the potassium channel (Catterall, 2000) . Consequently, several experiments to study the role of charged residues during inactivation have been performed Moorman et al., 1990) . In these studies, charges were shown to affect both inactivation and activation kinetics, although not in a crucial way. However, the critical element involved in inactivation was shown to be the hydrophobic IFM motif formed by residues 1488 through 1490 and termed inactivation particle . According to this model, the IFM would bind to its receptor site at the inner mouth of the ion channel pore, blocking it, and stabilizing the inactivated state. After the IFM triad identification, very few papers have addressed which role these highly conserved charges could be playing (Miller et al., 2000) . Although none of the charges appear to be substantial for either inactivation or activation, they might play some other important function given their high degree of conservation. The role of charges in the L III-IV is not yet well understood mainly because of the lack of information on the detailed structure of the sodium channel. Although recently the three-dimensional structure of the sodium channel was investigated by cryo-electron microscopy (Sato et al., 2001) , this very useful information is still not sufficient when looking at the atomic level. The apparent involvement of the L III-IV during inactivation of the sodium channel led to the investigation of the L III-IV peptide in solution using nuclear magnetic resonance (NMR) (Rohl et al., 1999) . Certainly, a more complete and detailed structural model would better direct the studies on the role of the mainly positive charges present in the L III-IV .
To this aim, we built theoretical models based on secondary structure prediction from the primary sequence. These models were used for molecular dynamics simulations where the polar/nonpolar vicinity of the L III-IV was treated as a dielectric inhomogeneous medium. This environment is provided by the proximity of the L III-IV to the biological membrane or to any local area where a dielectric discontinuity can be present, such as the hydrophobic inactivation particle receptor in the channel. Our model incorporates the fact that the loop inhabits an aqueous environment in the vicinity of a nonpolar region without considering electrostatic fields other than the intrinsic one due to the partial atomic charges and the polarization charges at the polar/nonpolar interface. Also the shielding effect of ions in solution is not taken into account. Explicit solvent representation would not be advantageous at the same time that many details of the sodium channel transmembrane portion and local electrostatic potential are not still well established, furthermore facing computational and time limitations. Although this representation of the L III-IV environment is simplified, it constitutes a first approach to study the dynamics of the loop with special emphasis on the fact that the membranous and aqueous environments have different dielectric properties.
MATERIALS AND METHODS

Structure prediction
For the construction of different structural models for the 53 amino acid sequence L III-IV , we made use of Prelude (Rooman et al., 1991) , a software for protein structure prediction based on a protein library (Wintjens et al., 1996) . Outputs are given in terms of seven backbone structure assignments: A, B, C, G, E, O, and P, in which each letter defines a (, , ) domain for each residue (Rooman et al., 1991) . Assignments A and C represent ␣ and 3 10 -helix conformations, respectively, B and P correspond to extended structures with B representing ␤ strand conformations, domains E and G have positive and occur essentially in glycine residues, and assignment O corresponds to cis peptide conformations occurring almost exclusively in proline residues.
Prelude allows one to consider distance constraints between residues. To test the prediction robustness, different intervals of distance between the C ␣ atoms of the N-and C-terminal residues were set as constraint allowing variations only within the fixed interval. As upper bound we considered the interval 90 to 95 Å. Other intervals were studied, but the range of 10 to 15 Å was used as constraint in most molecular dynamics (MD) simulation cases. This vinculum is a valid one, because the L III-IV is part of the sodium channel located in the cytosol before and after the putative transmembrane ␣-helical segments IIIS6 and IVS1, respectively. Within the arrangement of transmembrane helices proposed by Noda et al. (1986) , segments IIIS6 and IVS1 are almost adjacent, which is compatible with a distance constraint within the range of 10 to 15 Å. For the purpose of comparison, secondary structure predictions were also performed using the software 3D-PSSM* (Kelley et al., 2000) and Nnpredict** (Kneller et al., 1990; McClelland and Rumelhart, 1988) , although these on-line programs do not allow the consideration of distance constraints.
The three first lower energy Prelude output configurations, under the constraint 10 to 15 Å, were used for the backbone construction of theoretical models named TM1, TM2, and TM3, respectively. Side chains were adjusted with the aid of the software SCWRL (Bower et al., 1997) for side chain adjustments based on a rotamer library Karplus, 1993, 1994) . Minor improvements were performed under optimization routines using the GROMOS 96 force field parameters (Scott et al., 1999) , by means of the steepest descent and conjugated gradient algorithms (Press et al., 1992) , implemented in the software THOR developed at our laboratory (Pascutti et al. 1999b; Moret et al., 1998; Arêas et al. 1995) . To check the stereochemical quality of the theoretical models here proposed, we used the software Procheck (Rullmann, 1996; Laskowski et al., 1993) .
A sequence of 21 residues, from Q1486 to S1506 in the 53 amino acid sequence that constitutes the inactivation gate of rat brain type IIA, had its structure elucidated by NMR in solution (Rohl et al., 1999) , accessible under the Protein Data Bank (Berman et al., 2000) ID code 1byy. Therefore, we further compared the available NMR data with the corresponding residues in the theoretical models by means of root mean square deviation analysis. A hypothetical average structure based on the coordinates of all residues constituting the 10 available NMR structures was calculated. The deviation of each NMR and each theoretical model with respect to the NMR average structure was computed for two cases: one considering the 21 C ␣ atoms coordinates only and the other all the backbone atoms.
Molecular dynamics simulations
Once we constructed the theoretical models, we performed MD simulations, by means of software THOR, starting from each one of the three different conformations (models TM1, TM2, and TM3). The GROMOS 96 force field was also considered for the MD simulations as it was for the optimization routines. All simulations were performed treating the environment either as a homogeneous medium characterized by a dielectric constant ⑀ or as an inhomogeneous one with a dielectric discontinuity (⑀ ϭ 80 in the semispace x Ͻ 0 and ⑀ ϭ 2 otherwise, hence, the interface is given by the y-z plane). The value ⑀ ϭ 80 for the dielectric constant was used to represent a hydrophilic environment, whereas ⑀ ϭ 2 was used for a hydrophobic one. To take into account the presence of two media with different dielectric constants separated by a planar layer, which modifies the Coulomb's term of the interaction potential energy between charges (Pascutti et al., 1999a) , the electrostatic images method was applied. The method basically consists in the substitution of the real configuration involving the point charges and the induced polarization charges at the surface by a simpler configuration formed by the point charges and their images (Griffiths, 1989) . This representation has already been applied to the study of different biological systems (Cassiano and Arêas, 2001; Pascutti et al., 1999a,b; Arêas et al., 1995) providing results consistent with experimental evidence. Facing the simplicity of this description where the environment is not treated explicitly, additional vincula are required (Arêas et al., 1995) . Here, hydrogen bonds in ␣-helix structures were set as harmonic potentials. Therefore, the ␣-helix secondary structures present in the L III-IV were stable during the simulations. In addition, backbone atoms of residues D1474 and D1526 had their atomic coordinates kept fixed along the MD simulations to mimic the fact that the L III-IV is attached to putative transmembrane helices.
The temperature of the system, proportional to the total kinetic energy, is controlled by appropriately scaling the velocity of each atom periodically. First, the temperature is raised at 5 K/ps up to 300 K in ⑀ ϭ 80. After equilibration at 300 K, the interface of discontinuity is introduced, changing consequently the force field as described above. Different initial conditions were used. These include the distance and the orientation adopted by the different L III-IV structural models (TM1, TM2, and TM3) in ⑀ ϭ 80 facing the dielectric discontinuity interface in the y-z plane at x ϭ 0.
We define a spreading index S through the expression
in which r ជ i are the atomic position vectors, r ជ cm the position vector for the peptide center of mass, and N the number of atoms considered. Index S is related to the polar momentum of inertia and provides a measure of the degree in which a given structure is unfolded: the lower S, the higher the folding degree. S was used to investigate the global backbone deformation during MD simulations. For a local analysis of the deformation, both curvature and torsion angles were computed, considering only the backbone defined by C ␣ . The curvature angle, calculated over 3 consecutive C ␣ atoms, shows how much a curve deviates from the straight line. The torsion angle, like the dihedral in classical force fields, accounts for the angle between two planes formed by four consecutive C ␣ . The temporal deviation of curvature and torsion angles can be interpreted as a measure of flexibility.
Many results from MD simulations are illustrated through the outcomes from model TM2, as they are representative of the results obtained by starting from the other two theoretical models as well.
RESULTS
Structure prediction
The secondary structure prediction, proposed by Prelude, for the case where the distance between the C ␣ atoms of the N and C termini was constrained to the range of 10 to 15 Å, is plotted in Fig. 1 a. This figure shows a specific-position frequency distribution of the assignments occurrence in the first 500 backbone structures. The higher relative energy difference among the first 500 predicted structures is only 2.6%, therefore frequencies were computed by direct counting without the need of weights. This statistical analysis predicts the very stable ␣-helix between residues T1491 and K1502 also observed by NMR in solution. In addition, a shorter ␣-helix near the N terminus involving residues F1476 through K1482 is further proposed. The statistics shows a slightly lower frequency for the ␣-helix near the N terminus than for the ␣-helix elucidated by NMR (Rohl et al., 1999) , indicating the possibility that the small ␣-helix formation is more dynamic and therefore more difficult to be experimentally measured. The protein database used by Prelude is a very general one covering proteins of different sizes and with high-resolution structures (better than 2 Å). Although these structures were obtained in solution, some proteins may contribute with portions that provide a hydrophobic environment, similar to the one in the vicinity of the L III-IV . Like in synthetic antimicrobial peptides (Oh et al., 2000) , this short ␣-helix might require a hydrophobic neighborhood for its stability, being unstable in aqueous environment. In solution, this very small ␣-helix may be either 
TM1, TM2, and TM3 are the first three lower energy sequences provided by the Prelude output file. Sequence SP1 was obtained using 3D-PSSM (Kelley et al., 2000) , SP2 using Nnpredict (Kneller et al., 1990; McClelland and Rumelhart, 1988) , and SP3 is the fold recognition given by 3D-PSSM to the PDB ID 1byy (Berman et al., 2000; Rohl et al., 1999) . Letter code for secondary structure assignments is the same as in Fig. 1 , expect for "-", which represents nonpredicted segments. The IFM triad is shown in bold.
The distance between C␣ of the terminal residues 1 and 53 is shown in the right hand column. unstable or fold and unfold so quickly in time that the NMR technique cannot detect. Hence, new NMR experiments either in the presence of micelles or in an organic solvent could clarify the existence of this small ␣-helix, which has been theoretically predicted. Because the precise distance between N and C termini is unknown, it is necessary to cover a broad range of options for the distance hindrance. Therefore, we repeated the statistics of Fig. 1 a, obtained with the constraint 10 to 15 Å, using different restriction ranges. We observed that, up to a constraint range of 90 to 95 Å, results are almost insensitive to this hindrance, yielding histograms essentially similar to those exhibited in Fig. 1 a. Constraints as large as 110 to 115 Å do not allow computation, probably due to geometric incompatibilities, as the peptide is only 53 residue long. In particular, we exhibit in Fig. 1 b the ␣-helix relative frequency analysis for different constraint intervals. This figure illustrates the robustness of the secondary structure prediction under conditions where the distance between termini varies from 10 to 95 Å.
The predictions performed using 3D-PSSM and Nnpredict were consistent with the Prelude prediction as shown in Table 1 , evidencing also the possibility of a shorter ␣-helix formation near the N terminus. Nevertheless, for models construction, we used the Prelude predictions, because they satisfy constraints on the distance between the N and C termini.
The stereochemical quality of the theoretical models is presented through the Ramachandran plot statistics for all three models in Table 2 . After adjusting side chains and optimizing as described in the methodology section, we obtained the models shown in Fig. 2 a. The comparison between the experimental NMR (Rohl et al., 1999) and our theoretical models through root mean square deviation analysis is presented in Table 3 . Inspection of this table shows that the deviation of the theoretical The statistics were provided by Procheck (Laskowski et al., 1993; Rullmann, 1996) for the three theoretical models TM1, TM2, and TM3. There is a total of 4 glycine and 4 proline residues per model in a total of 53 amino acid residues.
FIGURE 2 Theoretical models TM1, TM2, and TM3. (a) Optimized Prelude outputs and (b) their corresponding conformations after MD heating up to and equilibration at 300 K in ⑀ ϭ 80 before the insertion of the dielectric discontinuity interface.
structures is within the NMR deviation range for backbone atoms.
Molecular dynamics simulations
After the optimized theoretical structures were heated up to and equilibrated at 300 K in ⑀ ϭ 80, all of them packed to structures of spreading index S Ϸ 0.12, having started within the range 0.19 to 0.23. However, all structures were very flexible along heating and equilibration, showing no specific folding (Fig. 2 b) , except for the region involving residues T1491 through P1512, which is very well conserved in time, adopting the shape similar to a hairpin in all theoretical models studied (Fig. 3) . In Fig. 4 we show the deviation of the curvature and torsion angles computed along time and averaged over the three models for both heating and equilibration at 300 K in ⑀ ϭ 80. Although the residues preceding the long ␣-helix showed a coil-coiled conformation, they were all in a flexible structure kept parallel to the ␣-helix (Fig. 3) . On the other hand, local flexibility did not occur within the ␣-helix, because of the H-bond constraints described in methodology. The local flexibility of the hairpin structure observed in the simulations could be the reason why the NMR (Rohl et al., 1999) could not measure all parameters needed for the hairpin motif determination, albeit sufficient to determine the stable ␣-helix portion. The presence of the hairpin motif was observed also for the case where a distance of 30 Å was used as constraint along simulations. To mimic a more realistic articulation of the termini, in one simulation, 10 residues were added to each terminus, reproducing part of the putative IIIS6 and IVSI helices, respectively. They were kept fixed along MD simulations and their atomic charges were taken as zero. Even in this case, the motif was stable as well (data not shown). It is noteworthy that this motif presents a particular pattern of charges as exhibited in Fig. 3 . Residues G1484, G1485, P1512, P1514, and P1516 were described as involved in the hinge mechanism necessary for normal rapid inactivation (Kellenberger et al., 1997) . Interestingly, none of those residues belong to the region of the motif here proposed (T1491-P1512), except for P1512, which is located precisely at its end. In Fig. 4 it can be observed that, besides all glycine residues, a few residues preceding F1489 also present high flexibility, which may aid fitting the F1489 into its receptor site.
The dielectric discontinuity interface is introduced at x ϭ 0, i.e., at the y-z plane, with ⑀ ϭ 80 for x Ͻ 0 and ⑀ ϭ RMS deviation of NMR (Rohl et al., 1999 ) and theoretical models with respect to the average model calculated over the 10 NMR structures coded 1byy (Rohl et al., 1999) . All calculations were performed over the 21 residues from Q1486 to S1506 in the 53-amino-acid linker, because this is the region confined in the 1byy. Computations over C␣ atoms only and over all backbone atoms are shown in the second and last columns, respectively.
FIGURE 3 The time conserved hairpin motif (T1491-P1512). Superposition of the motif in the three models equilibrated at 300 K in ⑀ ϭ 80 with its pattern of charged residues exhibited.
FIGURE 4 Standard deviation of curvature (a) and torsion (b) angles computed along both heating and equilibration at 300 K in ⑀ ϭ 80. Symbols correspond to the average over the three models. Lines are guides to the eyes.
2 otherwise, whereas the linker is positioned at the semispace x Ͻ 0 (hence ⑀ ϭ 80). Because the precise value for the x coordinate, let us call it ␦, of the loop ends (taken the same for both C ␣ ) with respect to the interface is not known, we considered different values as initial condition when adding the interface. The choice of ␦ is crucial to the dynamics of the loop: for ␦ below a threshold, the loop core does not approach the interface, whereas for ␦ above the threshold, it moves toward the interface, as can be seen in Fig. 5 by following the evolution of the center of mass x coordinate for ␦ ϭ 0 Å and ␦ ϭ Ϫ 10 Å. This effect is mainly due to the presence of negative charged residues at the termini and can be understood through the potential energy profile that results when the structure is rigidly translated along the x axis (Fig. 6 ). The potential energy in Fig. 6 is calculated over a static and rigid structure, (i.e., all internal coordinates are kept fixed) at a given position, along the x axis, in front of the interface. When the structure has its termini in ⑀ ϭ 80 far from the interface, the force on the center of mass is in the opposite direction to the interface, whereas for the ends sufficiently close to it, the center of mass feels a force toward the low dielectric moiety. For intermediate values, the potential barrier can be overcome through a conformational change of the loop. Furthermore, as the loop enters a region of low dielectric constant, the formation of salt bridges, involving mainly the residue pairs E1492 through K1495 and E1493 through K1496, yields the observed reduction of the potential energy, therefore stabilizing the loop in such environment. Our result suggests that the conformational change that the channel suffers when passes from one state to another (particularly from open to inactivated) may yield immersion, at the angstrom scale, of the loop termini through the membrane interface with consequent movement of the loop toward a polar/nonpolar environment.
We also investigated the consequences, on the dynamics, of changing the orientation of the loop with respect to the plane of the interface for fixed ␦. From several simulations, we observed that the angle that the hairpin structure forms with the interface plane, as defined in Fig. 7 b, is the relevant variable concerning the orientation of the linker as a whole. In Fig. 7 a, we show the electrostatic potential energy profile that results when the hairpin, by separate, is rigidly moved along the x axis (fixed internal coordinates), considering different orientations with respect to the interface. The most favorable orientations, when close to the interface, are those corresponding to in the range of 90°to 180°, whereas for orientations of the hairpin with its turn pointing to the interface, as for ϭ Ϫ90°, a potential barrier forbids the approximation of the motif. In fact, in dynamics simulations, when the initial structure has its hairpin oriented as in Fig. 8 a ( Ϸ Ϫ30°) with ␦ ϭ 0, the structure does not approach the interface immediately, whereas with an initial orientation as in Fig. 8 b ( Ϸ 0°) it does. Plots of the potential energy and the center of mass x coordinate as a function of time, for dynamics simulations starting from configurations as in Fig. 8, a and b , are shown in FIGURE 5 Effect of the position of the loop ends with respect to the dielectric interface. (a) Trajectory of the center of mass x coordinate along MD simulations of TM2. Up to 200 ps the medium was treated as a dielectric continuum with ⑀ ϭ 80. At time 200 ps, the planar interface of dielectric discontinuity (y-z plane) was added at x ϭ 0, such that ⑀ ϭ 80 for x Ͻ 0 and ⑀ ϭ 2 otherwise. Before the insertion of the interface, the equilibrated structure was positioned in the region x Ͻ 0, such that its termini were located at x ϭ ␦, in which ␦ was taken as Ϫ10 or 0 Å. The jump in the curve at 200 ps is due to the translation of the loop to set ␦. (b) Potential energy as a function of time for the different values of ␦. When the ends are at Ϫ10 Å, the loop does not fold to the lower dielectric medium, whereas for the ends at 0 Å, the linker quickly visits the ⑀ ϭ 2 environment.
FIGURE 6 Potential energy profile of a rigid linker (all internal coordinates are kept fixed) whose center of mass is moved along the x axis in the presence of a dielectric discontinuity at x ϭ 0. The linker conformation corresponds to time 200 ps of Fig. 5 , that is, before the interface insertion. Arrows indicate the position of the center of mass x coordinate corresponding to each value of ␦ considered in Fig. 5 . Notice that the force on the center of mass along the x direction is given by F x ϭ ϪѨU/Ѩx, in which U is the potential energy. The inset is a magnification of the main plot in the vertical axis. Fig. 9 . As illustrated in Fig. 8, b through d , following the case Ϸ 0°, for initial orientations of the hairpin with approximately in the range 0°to 180°, the structure soon comes closer to the low dielectric medium changing orientation, toward the most favorable one, in such a way that the hairpin drives the IFM motif toward the low dielectric environment. This movement can be interpreted as the approximation of the IFM to its hydrophobic receptor site in the channel.
It has been already suggested in the literature (Catterall, 2000) that the rigid ␣-helix serves as a scaffold to present the IFM motif and T1491 to a receptor in the mouth of the pore as the gate closes. Here, we propose that the T1491 to P1512 hairpin motif serves to orient the F1489 to its site. The presence of image charges due to the dielectric interface, without considering additional electrostatic potentials, may be, at least partially, responsible for furnishing the long range interaction that guides the IFM toward its hydrophobic receptor site.
FIGURE 7 Electrostatic potential energy profile for a rigid hairpin whose center of mass is moved along the x axis in the presence of a dielectric discontinuity at x ϭ 0 (y-z plane, normal to the sheet of paper) for different orientations (a) as defined in b. For each given position of the hairpin center of mass, the motif presents a preferential orientation. The change of this lowest energy orientation with the position of the center of mass can also be noticed from the dynamics simulation results shown in Figs. 8 and 9.
FIGURE 8 Effect of the orientation of the linker facing the dielectric discontinuity interface. TM2 in a and b differs in the orientation facing the plane of the interface (normal to the sheet) with ␦ ϭ 0. Orientations a and b were used as starting conditions for MD simulations in the presence of the interface (added at 200 ps). Starting from a, the structure remains stable, whereas starting from b, the loop folds toward ⑀ ϭ 2, as can be observed in successive instants of the dynamics schematized in c through e, corresponding to times 218, 225, and 229 ps, respectively. Residues F1489 and G1505 are indicated. Line separates ⑀ ϭ 80 (left side) from ⑀ ϭ 2 (right side). Fig.  8 a, the loop does not fold to the lower dielectric medium, whereas for the orientation as in Fig. 8 b the loop tends to visit the low dielectric environment. Notice that, following Fig. 7 a, Ϸ 0°is not the most favorable initial orientation, and that is why the approximation does not occur immediately.
DISCUSSION AND CONCLUSIONS
We performed a theoretical prediction of the topology of the intracellular loop L III-IV of rat brain type II sodium channels. The results shown in Fig. 1 and Table 1 indicate the presence of two helical segments (F1476 -K1482 and T1491-K1502). The latter helix had already been observed by NMR measurements of the linker in aqueous solution (Rohl et al., 1999) , whereas the former was not detected by the same technique. The software Prelude (Rooman et al., 1991) used for predictions yielded results consistent with those of other secondary structures predictors and partially consistent with the NMR measurements of the L III-IV in solution. This prediction tool was very useful when studying the region that the NMR could not determine as a stable structure. The statistics presented in Fig. 1 indicates that the small ␣-helix near the N terminus is a bit less frequent than the one elucidated by NMR. Although the Prelude databank is composed of proteins whose structures were obtained in solution, they may include hydrophobic portions, which can be representative of the L III-IV neighborhood. That is why as a result of Prelude analysis, what comes out is the structure of L III-IV contemplating different environments, instead of resulting exactly the same structure experimentally observed when the loop is in solution. Here we propose that the formation of the helix close to the N terminus is influenced by the proximity of a hydrophobic environment, such as the biological membrane, having low stability in solution, reason why it was not detected in the above-mentioned NMR experiments. This proposal could be elucidated by carrying out NMR experiments of the linker, either in an organic solvent or in the presence of micelles.
MD simulations were developed by treating the environment as a continuous and linear dielectric, either homogenous or with a jump at a planar interface. In this continuum model, the heterogeneous properties of the solution and mainly of the protein are neglected. However, bearing in mind the complexity of the medium inhabited by the L III-IV and its surroundings (e.g., transmembrane protein segments, intracellular loops, phospholipid bilayer, ionic diffuse double layers, etc.), our effort constitutes a first approach toward understanding the dynamics of the linker.
Our results from MD indicate the formation of a hairpin motif (T1491-1512). This motif can be responsible for providing the long-range interactions, which optimize the approximation of the hydrophobic triad IFM toward its docking site, probably, of hydrophobic nature. This function would explain, at least partially, the presence of evolutionary well-conserved charges in this region of the channel. Our results show that the orientation of the hairpin motif with respect to the polar/nonpolar interface is important for determining the approximation of the IFM to the plane of the interface. At the same time, the precise localization of the loop termini with respect to that plane is also shown to influence the folding of the loop toward it. It is worth recalling that electrostatic potentials may be overestimated because the shielding due to the density distribution of small ions is not being considered in the present model. The G1505 is the only glycine residue that was not classified in the list of residues participating in the hinge mechanism as proposed by Kellenberger et al. (1997) . Coincidentally, G1505 is found to be the element responsible for the hairpin motif turn following the ␣-helix. By substituting G1505 by alanine, valine, or proline (data not shown), a similar hairpin motif is formed after heating and equilibration MD, although starting conformations are extended. This indicates once more the tendency that the segment T1491 through P1512 has to form the hairpin motif with its characteristic charge pattern. Ionic pairs between atoms of the hairpin side chains and the ␣-helix backbone allow the hairpin formation, despite the excess of positive charges. On the other hand, it is probable that the motif also interacts with the voltage-sensing device similarly as discussed in the work of Patton et al. (1992) . A change in the electric field across the membrane may produce conformational changes in regions of the channel, such as the voltage sensor. These changes, in turn, alter the electric field felt by the intracellular loop. A different electrostatic field, as such present during activation, could induce unfolding of the hairpin motif, a movement that can be required at that stage of channel operation. In any case, flexibility at position 1505 is important for proper inactivation. In fact, "cut" and "cut/addition" mutants at position 1505 (Stühmer et al., 1989) yield dramatic decrease in the rate of inactivation. Also mutants G1505A and G1505V had their fast inactivation unaltered and slightly diminished, respectively, as reported in the literature (Kellenberger et al., 1997) , whereas G1505P presented drastically diminished inactivation, besides macroscopic activation being affected in all these mutants (Kellenberger et al., 1997) . Because proline confers rigidity to structures, as its side chain is attached to the protein backbone, this might be the reason why the major effects are observed for mutant G1505P.
Concerning the pattern of charges in the hairpin motif, let us discuss some results on deletions and point mutations involving charged residues. All deletions in the work by Patton et al. (1992) comprise a region of 10 consecutive residues each, where deletion 1 starts at N1475, deletion 2 at G1485 and so on, until deletion 5, whose last residue is R1515. Deletions 2 through 4 involve the hairpin motif. Deletions 2 and 3 were reported to fail in expressing functional channels . In deletion 4, activation was similar to the wild type, but inactivation was very slow. Deletion 4, which did not affect activation, could have had the hairpin motif positive charges replaced by the charges present in the region corresponding to deletion 5. The effect of diminished inactivation could have occurred due to the presence of P1516 almost replacing G1505, similarly as Kellenberger et al. (1997) observed in mutant G1505P, where inactivation was drastically diminished. Moreover, mutant B Q , which precisely neutralizes all the charges in the hairpin motif, presented a reminiscent current indicating that not all channels inactivated properly, which could be due to the inadequate IFM guidance.
Additionally, a phosphorylation site at S1506 (West et al., 1991) , important for regulating the electric activity in excitable cells, is located close to the motif turn. In the case of the delayed rectifier K ϩ channel, phosphorylation affects voltage gating by electrostatic interactions (Perozo and Bezanilla, 1990) . Notice that phosphorylation of serine implies the presence of a negative charge interrupting the pattern of positive charges.
The hairpin motif, besides optimizing the approximation of the IFM to its docking site in the channel may interact with the voltage sensor as suggested in the literature . This point could be elucidated by simulating the electrostatic field produced by the voltage sensor at different stages of channel operation. Still, our simplified model proved to be suitable for discussing molecular aspects of the L III-IV dynamics, whereas the Na ϩ channel three-dimensional structure is yet to be clarified at the angstrom scale.
